For cooked potato, we report maximum showing variations of the Fick's diffusion coefficients, D, of NaCl with total salt concentration, C t , in the foodstuff in the temperature range, 30-98°C. The variations were successfully explained with the dual mode diffusion and sorption theory, which has been successfully applied to the diffusion of NaCl in cooked Japanese radish, solidified egg white, and pork meats. The original theory (Komiyama & Iijima, 1974) was revised by changing the definitions of the parameters for the presence of liquid water droplets in the foodstuffs. The sorption isotherms, being found to be almost linear with very slight concave upward curvatures, were explained by invoking the presence of the droplets. Two thermodynamic diffusion coefficients, D T (p) and D T (L), of NaCl of the partition and Langmuir type sorption species, respectively, in the diffusion rate determining region were estimated for the temperature range. The temperature dependences were found to show definite rises in the range of 50-70°C, suggesting the presence of a transition in the diffusion environment. 
Nomenclature
C L : concentration of the Langmuir species of NaCl in total potato (mol kg φ p : volume fraction of polymer component in the NaCl diffusing region in the water swollen substrate φ w : 1-φ p , volume fraction of water in the NaCl diffusing region
Introduction
Until recently, the diffusion behaviors of NaCl in the cooking process of foodstuffs have been reported only for relatively high NaCl conditions centering around 5% or 1 mol kg -1 of NaCl in the seasoning solutions (Djelveh, Gros, & Bories, 1989) . Low saltiness of foodstuffs in home and commercial cooking-seasoning is being currently sought for health concern. Current average dietary salt intake in the United States exceeds 8.6 g/day, which is considerably higher than the recommended maximum intake level of 6 g/day (United States Department of Agriculture, 2010) . Maximum intake level of 6 g/day is also recommended in United Kingdom (Food Standards Agency, 2007) . In Japan, 9 g/day for men and 7.5 g/day for women are recommended (National Institute of Health and Nutrition, 2010) .
In our preceding three reports on Japanese radish, solidified egg white, and pork meats, we have discussed the diffusion mechanism of NaCl below 0.5 mol kg -1 of solution (Hashiba, Komiyam, Nakanishi, & Gocho, 2007; Hashiba, Gocho, & Komiyama, 2008; Hashiba, Gocho, & Komiyama, 2009 ).
The present study reports the diffusion behavior of NaCl in pre-cooked potato tuber in the temperature range, 30-98°C. Until now, in spite of the importance of the seasoning of potato in various cooking recipes, relatively little attention has been paid on the cooking-seasoning of this foodstuff. This was so despite of much devotion to elucidate the physicochemical properties of the main component of potato, starch (Mousia, Fahrhat, Blachot, & Michell, 2000; Roos, 1995; Kalichevsky & Blanshard, 1992) .
On seasoning potato as well as any other foodstuffs, diffusion of NaCl is the most important subject among those of various seasoning components. With cooked potato which comprises about 80% water, 17% carbohydrates and 2% proteins as the main components, some studies have been devoted for the uptake of NaCl by the tuber cubes from the salt solutions in an extended temperature range. For example, Liu reported D app calculated from the uptake by the cube in the range, 50-120°C (Liu, 1992) .
The D app is a parameter which depends on the dimension of the cube (Crank, 1975) . However, Liu recognized a kink in the temperature dependence of D app at around 60°C. Tamasula and Kozempel (1989) also reported such a change at 60°C in the dependence of D app of KCl.
In accumulated studies on foodstuff seasoning, it is established that the one dimensional diffusion of any diffusant in steady state substrates gives, D, defined as the coefficient of the negative concentration gradient to give the flux. If the concentration profile of a diffusant in a substrate is obtained, D at a specified concentration, C t , in the foodstuff can be calculated from the profile (Crank, 1975; Matano, 1932) . D can be the measure of the mobility of the diffusant only when D is constant over the concentration range of concern. During the last two decades, however, D values of NaCl that are explicitly concentration dependent, have been reported for pork meat (Guiheneuf, Gibbs, & Hall, 1997) and Emmental cheese (Pajonk, Saurel, & Andrieu, 2003) and recently for Japanese radish, solidified egg white and pork meat at 5-98°C by us (Hashiba et al., 2007 (Hashiba et al., , 2008 (Hashiba et al., , 2009 ). The dependences reported by us have a common character of each having skewed bell shape variation with a maximum at a C t value of NaCl slightly above 0.1 mol kg -1 . These D values together with D T values are listed in Table 1 for comparison. addition of a study on potato is important as a basis to understand the diffusion of NaCl in many other carbohydrate foodstuffs. In fact, lack of such a study is rather astonishing as compared with those on protein foodstuffs (Rüegg & Schär, 1985) . It may be meaningful to examine whether D values of NaCl in potato show the same maximum having variations found for the three different kinds of foodstuffs or not.
In our previous three studies, we have applied a dual mode diffusion and sorption theory originally developed for dye diffusion in nylon (Komiyama & Iijima, 1974) . Generally foodstuffs under cooking conditions contain 60-95% water, which are much more than the water content, 6% of a polymer substrate like nylon. Thus the original dual mode diffusion theory on nylon should be reexamined when applied to foodstuffs. Referring to the foregoing studies (Hashiba et al., 2007 (Hashiba et al., , 2008 (Hashiba et al., , 2009 , we became aware of the fact that water imbibed in the foodstuffs is partitioned into one swelling the component macromolecular phase and the other one dispersed as liquid water. An extreme example is the radish containing about 95% water (Hashiba et al., 2007) .
In the present study, we show that incorporation of the water droplets imbibed in foodstuffs results in minor change in the definitions of the parameters of the dual mode theory. 
Model and Theory

A Model for Foodstuff Substrates Pertinent to NaCl Diffusion and Reconsideration of the Theoretical Background
For the foodstuff substrates containing 60-95% water, one may apt to suppose liquid water "channel" penetrating the whole foodstuff body. If this is the case, diffusion of NaCl should be obstructed by a tortuosity factor, τ, of the liquid water "channel", and hence D is represented as D w /τ. Thus the D values, which are smaller than D w by the factor, 2-6 (Cussler, 1997), should be constants, irrespective of C t but dependent on the foodstuff species. Table 1 shows the ranges observed. However, this has been found not to be the case for the three foodstuffs with the maximum showing variations of D at relatively low concentrations (Hashiba et al., 2007 (Hashiba et al., , 2008 (Hashiba et al., , 2009 . See also the reported variations of D of NaCl with C t for L. dorsi and Emmental cheese (Guiheneuf, et al., 1997; Pajonk et al., 2003) shown in Table 1 .
Here we present in Figure 1 a model of the organization of foodstuffs relevant to NaCl diffusion in the four foodstuffs including the present object, potato. More or less depending on the foodstuff species, the organizations should be heterogeneous in a sense that they contain water swollen component regions and dispersed liquid water droplet regions to different degrees. This is most apparent for Japanese radish as already discussed. Solidified egg white and pre-cooked pork meat also show such two phases seen in the SEM photos (Hashiba et al., 2008 (Hashiba et al., , 2009 ).
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NaCl Figure 1 . Schematic model of liquid water droplets and water swollen substrate, the latter of which determines the rate of diffusion of NaCl. liquid water droplet; water swollen substrate
Extension of Original Dual Mode Diffusion and Sorption Theory to Those of NaCl in Foodstuffs Containing Unconnected Liquid Water Droplets
In the original theory on the dual mode diffusion and sorption of anionic dyes in nylon, all the p species and the L species absorbed in the substrate was assumed to participate in the rapid equilibrium. This assumption was supported by the fact that the dual mode parameters obtained from the sorption isotherm can explain the variation of D with the dye concentration (Komiyama & Iijima, 1974; Petropoulos, 1985) . Generally in cooked foodstuffs, the total weight of discrete liquid water droplets is considerable as compared with the weight of water in the swollen substrates. Also for NaCl sorption by the potato, the sorption isotherm is written in the form (Hashiba et al., 2007) ,
The presence of liquid water droplets in foodstuffs makes it necessary to redefine two parameters, K (= K L /K p ) and S, as K a = rK and S a = S /r by introducing r = (C p + C L ) / C t. Other parameters which will be used in the later sections, α=K
and D T (L) are unchanged. Equation (2) in the literature (Komiyama & Iijima, 1974) gives a relation between C p + C L and θ as,
Dividing Equation (2) by r, we obtain C t as
Thus, K and S in our former three reports should be read as K a and S a (Hashiba et al., 2007 (Hashiba et al., , 2008 (Hashiba et al., , 2009 ). In principle, r depends on C t . However, with the four foodstuffs, Japanese radish, egg white, pork meat, and potato in this paper, it has been experimentally confirmed that the sorption isotherms observed for C t below 0.513 mol kg -1 are very close to straight lines with ca. 2% deviations by concave upward curvatures. This is a result of the very small L type sorption parameters, K L , probably equal or less than 10, a characteristic of the Langmuir type sorption in foodstuff substrates. These fortuitous conditions in determining the sorption isotherms have made it allowable to assume constant r for the C t range in all of the four studies. Thus, the explicit appearance of the L mode in the dependences of D on C t , and the apparent disappearance of the mode in sorption isotherms are reconciled.
In spite of the above definitions of K a and S a , the key Equation (4) to account for the variation of D with θ is unchanged because K a S a reduces to KS=α, which does not contain r.
This equation indicates that D is represented as the sum of the products of mobility factors, D T 's, and the equilibrium factors comprising α and θ. The maxima which will be shown also for the potato in Figure 4 of D vs. C t plots, result from the variations of the equilibrium factors for L species. In another words, without L mode sorption and diffusion in fast equilibrium with p mode species, no maximum showing variation of D should not be observed. Such an equilibrium mechanism plays crucially important role in determining D variations in foodstuffs. A foodstuff model depicted in Figure 1 may illustrate the organization of the regions which reasonably explains the dual mode diffusion and sorption taking place in so far mentioned foodstuffs.
Factors That Determine D T (p) and D T (L)
Another important implication of Equation (4) is that the appearance of a maximum in the variation of D with C t means that D T (L) is comparable or larger than D T (p), i.e., the Langmuir species of NaCl diffuses with almost the same speed or faster than the partition species. Why so? To assign L and p regions, we refer to the dual mode sorption of 1∶1 salt in amphoteric ion exchange resins reported in three studies (Michaeli & Bejerano, 1969; Okada & Patilt, 1998; Sinn, Dimola, Huin, Sel, & Antonietti, 2006) . In the resins which contain water by about 50%, the one dimensional mobilities of the ions absorbed in dual mode must be determined by the obstructions of the resin composing immobile macromolecular chains. Equation (5) gives the reductions of D T 's according to φ p 's in the regions (Mackie & Mears, 1955) .
We assume that the p and L regions contain different macromolecular fractions by assigning charged region in various foodstuffs to L type region and uncharged one to p type region. Charged L type region naturally contains more water than uncharged p type region. This assumption is in reasonable correspondence to the faster diffusion of L species than p species of NaCl. The curve for skewed bell shape variations of D with C t observed for cooked potato was computer-fitted by the least squares method with D T (L), D T (p), α, and S a .
Materials and Methods
Preparation of Pre-Cooked Potato
Soggy Cynthia (Germicopa, S. A., France) potato tubers, which were in ellipsoid form with around 90 mm and 60 mm as the longitudinal and latitudinal diameters, respectively, were purchased as a 5 kg lot from Koganezaki Table 2 . The measurements of the concentration profile of NaCl and the sorption isotherms were performed with the samples cut out from the pre-cooked potato.
SEM of Raw and Pre-Cooked Potatoes
The samples of the raw and pre-cooked potato tubers were served for microstructure examination with a low vacuum pressure SEM, JSM-6380, by the courtesy of Jeol Co. Ltd., Tokyo, Japan. The samples were cut perpendicular to the tuber axis using a razor blade to produce the transverse section. The specimens were photographed on the cool stage at -10°C and a magnification of 300 x at an accelerating voltage of 15 KV.
Chemical Analyses
Duplicate measurements of moisture, protein, lipid, and ash contents of raw and pre-cooked potatoes were performed by Japan Food Research Laboratories according to Standard Tables of Food Composition in Japan (Resources Council of the Science and Technology Agency (RCSTA), Japan, 1982). Table 2 shows the results.
Measurement of One-Dimensional Concentration Profile of NaCl in Pre-Cooked Potato
The profiles of NaCl in the pre-cooked potatoes were measured at 30, 50, 60, 70, and 98°C by the FRITRUC method described in a previous report (Hashiba et al., 2007) . The cylinder with 36 mm in diameter and 50 mm long cut out from the pre-cooked potato, was covered with a thin rubber casing and was immersed in 3.00% (0.513 mol kg -1 ) NaCl solutions at the temperatures. NaCl was allowed to diffuse one-dimensionally into the cylinder from the one open cross-section. As seen in Figure 3 , the profiles plotted against the reduced parameter, η = x / (2t) 1/2 , for two periods at respective temperatures agreed quite well.
Determination of D of NaCl
D values at respective C t in the potato cylinder were obtained by applying Matano's method (Crank, 1975; Matano, 1932) to the concentration profiles. Details of the calculation method were described in a previous report (Hashiba et al., 2007) .
Measurement of Sorption Isotherm of NaCl
Equilibrium concentrations of NaCl in the pre-cooked potato were measured at 30, 50, 60, 70, and 98°C for the potato discs with 32 mm diameter and 2 mm in thickness immersed for 2 hrs in 2 L solutions containing up to 0.513 mol kg -1 NaCl. Figure 6 shows the sorption isotherms. The measurements were repeated at least two times for each C s .
Statistical Analysis
Statistical analyses of the obtained data were carried out by using the statistical package (Excel Toukei 2010 for Windows, StatSoft, Tokyo, Japan). T-test was applied to the data. Differences were considered at p<0.05.
Results and Discussion
SEM Photos of Raw and Pre-Cooked Potatoes
Natural SEM photos of the raw and pre-cooked potatoes are shown in Figure 2a and b, respectively. In Figure 2a , intact starch granules of different sizes are seen in the raw potato cells. After the steaming, the granules and cell walls are seen to be merged to about 1.3 times large to the area of the cell size. The merged grains are seen to have some texture on the surface. It is apparent that the grains are water swollen to certain extents. 
Analyses of the Potato Components
The analytical data shown in Table 2 for the components of the raw potato are in agreements within 5% with the values for potato listed in Standard Tables of Food Composition in Japan (RCSTA, Japan, 2005). The water content, 80% of the pre-cooked potato is slightly higher than that of the raw potato. The protein and carbohydrate contents of the pre-cooked potato become slightly lowered by the pre-cooking. In the measurements of D at temperatures higher than 60°C, it was found that S a presumed to be a measure corresponding to charged substances in the substrate, becomes small with the temperature. With solidified egg white, S a values at 5-80°C were found to be unchanged (Hashiba et al., 2008) . While with pork meat, the value became small with the cooking temperature, which can be related with the charged protein dissolution conventionally observed on making of soup stock by cooking (Hashiba et al., 2009 ). These facts being referred to, slight lowering of the two components may be related with the reduction of S a of the potato at high temperatures, due to the dissolution of the charged protein components and/or the pectin at high temperatures. Figure 3 shows the concentration profiles of NaCl in the potato measured at 30-98°C. D values estimated from these profiles are shown against C t in Figure 4 . Like Japanese radish, solidified egg white, and pork meats, D values in the potato show variations in skewed bell shapes with distinct maxima. Theoretical curves shown in Figure 4 were obtained with parameters, α, S a , Table 3 . It is seen that the variations of D with C t at respective temperature are reasonably reproduced in terms of Equation (4). Refer to the iteration method for the curve fitting (Hashiba et al., 2009 ). The dependence of α on temperature shows a variation with a minimum at 60°C. Since α is a product of S a and K a , we must refer to their numerical values in the third and fourth columns of Table 3 . It is seen that S a becomes small with temperature and K a assumes a minimum at 60°C. Such variations are the origins of the appearance of the minimum of α value. For the decrease of S a at high temperatures, we have discussed the origin in 4.2 section. Table 3 indicate that D T (p) va1ues are 1/3~1/9 of those of D T (L). Such a difference in the magnitudes has also been found in the former studies for Japanese radish, solidified egg white, and pork meats. In 4.4 section, we ascribe the reason to the difference in the fractions of macromolecular entities or inversely, those of water in p and L regions. Table 3 . Parameters for dual mode diffusion of NaCl in potato 
Variations of D with C t
K a (= α/ S a ), D T (p), and D T (L) listed in
D T (p) and D T (L) values in
Ｔ (°C) α S a (g/100g) K a (kg/mol) D T (p) (10 -9 m 2 /s) D T (L)(10 -
The Origin of Smaller D T (p) Values than D T (L) Ones
In terms of Mackie and Mears theory, D T (p) values smaller than D T (L) ones are ascribed to the smaller fraction of water in p region than in L region. This interpretation is compatible with the presumption that p region is in the domain close to uncharged macromolecules and L region is that close to charged macromolecules contained in the potato substrate. Table 4 shows the water fractions, φ w values of p and L regions calculated from D T (p), D T (L), and D w . It is found that p regions contain about 45% water while L regions contain about 76% water on averages. Table 5 compares these φ w values of the two regions at the highest temperatures measured for the four foodstuffs (Hashiba et al., 2007; 2008; 2009) . Intuitively speaking on the water swollen foodstuffs containing large fractions of liquid water, these values may be acceptable as giving not too hard and not too soft for the relevant portions in cooked foodstuffs. Table 4 . Water fractions of the two regions for potato Table 3 shows distinct rises of D T (p), and D T (L) values between 50 and 70°C. Since the present measurements of D were performed for the pre-cooked potato of which starch had once been gelatinized, these rises are ascribed to some kinds of transition of p and L regions for NaCl diffusion accompanied by the enhancements of the equilibrium water fractions at the temperature range. However, one can exclude the participation of the 'transition' of the starch contained in the potato, which has been established as the relatively slow retrogradation of cooked potato (Karlsson & Eliasson, 2003) . The transition has been extensively studied with the separated starches from various foodstuffs. The starting temperature of the retrogradation of potato starch-water system was assigned to 35-40°C (Karlsson & Eliasson, 2003; Fredriksson, Silverio, Anderson, Eliasson, & Aman, 1998) .
"Transition" of NaCl Diffusing Regions in the Potato
Since a difference of 10-15°C is observed between the starting temperature of the transitions of the NaCl diffusing regions and those of the retrogradation, former regions may be reasonably ascribed to some components other than starch contained in the potato. Proteins like patatin and pectin contained in the cooked potato may be most suspected ones for those providing the diffusion areas for NaCl. In addition, concomitant transitions of p and L regions are found in the temperature range, 50-70°C. This seems to imply that the two regions are very close to each other, probably on a single macromolecular chain. Figure 5a , b, and c compares the temperature dependences of D T (p) and D T (L) values of NaCl in the potato, pork meat pre-cooked at immersing temperatures, and solidified egg white pre-cooked at 80°C (Hashiba et al., 2008; 2009) . D w of NaCl at the corresponding temperature range (Robinson & Stokes, 1959) is also plotted in the figure Figure 5b for the pork meat. These two observations may indicate that the elution of the part of the components soluble in water that provide the p and L regions, takes place increasingly at high temperatures. Since the elution probably occurs from more hydrophilic components, S a decreases with the remaining of less hydrophilic components. As a reference, D T (L) in solidified egg white shows a beginning of the transition at 30°C and the increase of D T (L) continues up to 80°C. For the egg white, S a values were found to be constant in the temperature range, 5 to 80°C (Hashiba et al., 2008) . Such constancy seems to imply no elution of the soluble moieties in the egg white at the temperature range. 
The Temperature Dependences of the D T 's in the Potato Compared with the Other Foodstuffs
■ D T (p); ◆ D T (L); △ D W
Sorption Isotherms of NaCl in the Potato
Sorption isotherms of NaCl by the pre-cooked potato immersed at 30, 50, 60, 70, and 98°C are shown in Figure  6 . The isotherms are very slightly concave upward, which had also been found for the other three foodstuffs. As proposed also for the other foodstuffs (Hashiba et al., 2007 (Hashiba et al., , 2008 (Hashiba et al., , 2009 , the isotherms of NaCl by the pre-cooked potato are interpreted in terms of Equation (1): the salt is partitioned in liquid water droplets contained in the substrate and is absorbed in the water swollen substrate phase by partition and Langmuir type sorption. The isotherms were reproduced by using the parameters, α and K a values shown in Table 3 . β values were assumed to be within the range, 0.16 < β < 0.69 as the limits of the values estimated from φ p values listed in Table 4 . K p (=βK p ) can be obtained by assuming the parameters, β and K p ', where K p ' is the partition coefficient of NaCl in the water swollen substrate. As in the case of the other three foodstuffs, sorption isotherms for the potato are seemingly straight because of the large contribution of the partition in liquid water droplets and of the small one of Langmuir type mode sorption in the water swollen substrate. (1-β)Cs;
Concluding Remarks on the Diffusion of NaCl in Foodstuffs under Cooking Conditions
As found for other three foodstuffs, also for pre-cooked potato, we have found dual mode variations of D of NaCl in their concentration dependences. The water contents of these foodstuffs range from 70% for pork meat to 95% for Japanese radish. However, their principal diffusion coefficient, D T (L), ranges 0.33-2.10×10 -9 m s -1 , indicating that the rate determining steps of the diffusion in these foodstuffs are not directly related with the total water contents. We have discussed that the p and L regions in these water swollen substrates should be assigned to the regions that determine the diffusion rates. Our observations show the followings; 1. The D T 's are in the order of 10 -9 m s -1 , which are about 1/2~1/30 of the D W 's at the corresponding temperatures; 2. The rapid equilibrium assumed for the p and L species may hold not as a mere assumption but as representing a mechanism in the very close regions in the environments provided by some charged macromolecules; 3. The sorption isotherms of NaCl by these four foodstuffs show almost linear relations with very slightly concave upward curvatures, in which the Langmuir type sorptions of NaCl are concealed.
From the present interpretation of the diffusion of NaCl in potato and other foodstuffs, we may calculate back to the concentration profiles at any cooking temperature and time. Such profiles give the total NaCl concentrations as well as those of the outer layer in the foodstuffs. These pieces of knowledge may contribute to the NaCl content and also to regulate the surface saltiness of the foodstuffs for good taste. Such quantification may be useful in reducing the salt contents from the cooked foodstuffs.
